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In order t o  study  the  detailed performance of the  individual  blade 
rows of a five-stage arxial-flow compressor, radial distributions of t o t a l  
pressure, t o t a l  temperature, s ta t ic   pressure and air-flow  angle were ob- 

range of flows at equivalent t i p  speeds of f rom 70 t o  100 percent of 
design. Individual stage performance curves i n  terms of flow coefficient, 
equivalent  total-pressure r a t i o ,  equivalent  temperature-rise  ratio, and 

r;' tained at the exit of each  blade row. These data are  tabulated  for a 
0 
u3 

adiabatic  efficiency are presented and evaluated. 

An overcambering of the inlet stages plus an excessive  annulus  area 
ffrom the  f i rs t -s tage  exi t  t o  the compressor-discharge s ta t ion caused the 
stages to be mismatched at design  speed  but  favorably  affected the low- 
speed  performance, the  best  compressor match point  occurring between 80 
and 90 percent of equivalen3  design  speed. 

INTRODUCTION 
Numerous examples of the  potentials of  axial-flow-compressor stages 

operating  with  rotor t i2 relative Mach numbers in  the  transonic  range  to 
produce high pressure  ratio and high  specific weight f low have been re- 
ported, a few of which are listed in  references 1 t o  4. To study  the 
problems associated  with  the combining of these  high-perromance  stages, 
a five-stage 20-inch-diameter  compressor was designed and constructed at 
the NACA L e w i s  laboratory. The design  details of t h i s  compressor are 
discussed in  reference 5, and the  over-all performance i s  presented  in 
reference 6 .  

- The over-all performance (ref. 6) indicates that at design t o t a l -  

. ficiency. Peak compressor efficiency  occurred at a-lower than  design 

pressure r a t i o  and design  speed a higher  than  design  corrected  weight 
f low was obtained at a lower than ove r -a l l  design  value af adiabatic  ef- 
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speed, indicating  that  the  stages were more closely matched at some off" 
design speed.  Reference 6 speculates on the  effects qf the higher than  
design  equfvalent  weight flow, design  boundary-layer  allowances, and an 
overcambering of same blade rows, which may have resulted in some m i s -  
matching of the stages a t  desi@.  speed. " 

To study  the performance of  the Individual stages,  three series of 
tests were run,  during which groups of blade rows were instrumented  suc- 
cessively. Each series of test points covered a range of air flow from 
choke t o   t h e  approximate compressor surge limit o r  limiting turbine-inlet 
temperature fo r  speeds from 70 t o  100 percent of equivalent  design epeed. 
During  each test  run radial distributions of total   pressure,   static  pres- 
m e ,   t o t a l  temperature, and air angle were obtained. 

T h i s  report  presents  these radial distributions of performance data 
i n  tables and in curves of average  individual stage performance charac- 
t e r i s t i c s   i n  terms  of flow coefficient,  stage  equivalent  pressure  ratio, 
stage  equivalent  temperature-rise  ratio, and atage Ebdiabatic efficiency 
over the  range  investigated. 

SYMBOLS 

A 

M 

M 

P 

P 

r 

8 

ds 

T 

U 

VfZ 

W 

annulus area, sq f t  

Mach  number 

rotational speed, r p m  

t o t a l  or stagnation  pressure, lb/sq f t  

s t a t i c   o r  stream  'pressure, lb/sq ft  

radius, in. 

blade spacing, in. 

differential  distance measured along t h e  circumferential  direction 

" 

covered  by the wake rake 

total  or  stagnation temperature, 41 

rotor speed, f t /sec 

volume flow, cu ft/sec 

weight-flow rate,  lb/sec 

b 

c 
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B air angle, angle between air ve1ocity"and axial direction, deg 

* 6 r a t i o  of  to ta l   p ressure   to  NACA standard sea-level pressure of 
2116 lb/sq f't 

rl temperature-rise  efficiency 

!M momentum efficiency 

8 r a t io  of  t o t a l  temperature t o  NACA standard sea-level tempera- 
ture of 518.7O R 

cp flow coefficient 

Subscripts: 

C combination  probe 

e equivalent,  indicates  that parameter t o  which it i s  affixed has % 
$ been corrected  to  that  which would be  obtained at design speed 
rl * h hub 

n s ta t ion number (see fig.  2) 

m wake rake 

0 bellmouth inlet (fig.  2) 

1 comgressor  flow-measuring station  (fig.  Z )  

2 compressor f i r s t - ro tor  inlet 

3,5,7, interstage me4suring stations at exit of  first, second, . . 
9 , n  f i f th   ro tors   ( f ig .  2)  

4,6,8, interstage measuring statlons at exit of first, second, . . . 
10,12 f i f t h   s t a t o r s  (fig. 2) 

Compressor Instal la t ion 

A description of the  aerodynamic design and  geometry of the compres- 
sor used for   this   invest igat ion is presented i n  reference 5, and the  
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over-al l  performance is given in  reference 6 .  The stage performance 
data reported  herein were obtained  with the  compressor operating as a 
component of EL turbojet  engine. The ins ta l la t ion  of the compreseor i n  
the  engine is described in reference 6. Figure 1 i s  a photograph of  the 
engine installation. 

Instrumentation 

Engine bellmouth in le t .  - The instrumentation at t h e  engine bell-  
mouth inlet (station 0, f ig .  2 )  w a s  t he  same " t h a t  reported  in   refer-  
ence 6. 

Compressor flow-measuring station. - The location-and  instrumenta- 
t i on  used at the compressor flow-measuring station  (station 1, f ig .  2) 
was the  same as reported  in  reference 6, with the following  exception. 
In place of the boundwy-layer  rakes, two radial total-temperature rakes 
were installed. The rakes were 180' apart, and each contained f i v e  
shielded thermocouples equally spaced across  the  passage. 

Compressor in le t .  - The location of w a l l  static-pressure  taps at 
the  compressor inlet   (s ta t ion 2, f i g .  2)  is  d&cribed in  reference 6. In  .. 
addition,  in the  same axial  plane an actuator-mounted,  self-balancing, 
wedge-type static-pressure probe (fig.  3(c)) w a s  used t o  survey the 
passage. 

Survey stations.  - Radial surveys were made at stations 3 t o  1 2  in- 
clusive  (fig. 2 )  using conibinationa of the  following  instruments: 

(1) A coDibination probe (fig.  3(a) ), which consists of a single 
t o t a l  preseure, an angle-sensing claw, and two slotted-shield  stagnation 
thermocouples. The probe was actuator-mounted and self-balancing. The 
thermocouples w e r e  calibrated  for Mach  number and density effects.  

(2) A sting-mounted, xedge-type static-pressure probe (fig. 3(b) ) 
wi th  separate  static-pressure  orifices  located on both sides of t h e  wedge. 
This probe was mounted in an actuator and made self-balancing.  Calibra- 
t i on  tests of t h i s  probe  provided a Mach  nlzIziber correction and shared 
t h a t  radial flows of the magnitude anticfpated from this compressor hub 
configuration and f'ree-vortex  type of velocity diagram used i n   t he  desfgn 
had a negligible  effect on the probe readings. 

(3) A wake rake (fig.  5(d)), which consisted of 19 total-pressure 
tubes mounted circumferentially. Fourteen of the  tubes were spaced 0.060 c 

inch  apart t o  define  the  blade wake ,  and the end tubes w e r e  spaced far ther  
apar t   to   record  the free-stream pressure. The rake covered at least one 
blade  spacing at a l l  radial   posit ions.  - 
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i 
Behind each ro to r  row t w o  combination probes and a s ingle   s ta t ic -  

pressure  probe w e r e  used. A t  each s ta tor ' ex i t  a wake rake and a s t a t i c -  
pressure probe w e r e  employed.. In addition,  behind t h e  s t a to r  rows of 
the  first and  second stages, three combination probes w e r e  spaced so that 
one instrument  traversed  radially  the  center of a blade  passage and the 
remaining two instruments traversed the  portions of the  blade  passage 
adjoining the suction and pressure  surfaces of the  blades. Behind the  
third,  fourth, and f i f t h  stages, only the  combination  probes  covering 
the  center  portion and the portion of the passage  close to the pressure 
surface of the blade w e r e  used. In each case  an attempt was  made to keep 
the combination  probes aut of the blade wakes. The approxfmate  circum- 
ferent ia l   locat ion of the probes f o r  each  of the  series of t e s t s  is pre- 
sented In figure 4. In  order to minimize the blockage e f fec t  of the 
large  umber of instruments, all probes w e r e  designed with small f ronta l  
area over the  portion of the s t e m  extending  into the  airstream. 

il 

Four static-pressure  orifices,  equally  spaced  circumferentially, 
were located at the outer w a l l  at each  measuring station. The ax ia l  dis- 
tance from the measuring s ta t ion  to the  blade t r a i l i n g  edge varied f r o m  
0.40 inch at the hub to from 0.60 to 0.80 inch at the t i p  behind the  
ro to r  blades and was approximately  constant at 0.25 inch behind t h e  stator 

f l  blade rows. 

Pressures were measured w i t h  manometers containing either mercury 
o r  tetrabromoethane. Temperatures and angles w e r e  measured and recorded 
with a self-balancing dig€tal potentiometer that recorded  readings at 
the rate of approximately two  per second. Compressor speed w a s  measured 
with a chronometric  tachometer. 

Operation 

All tests w e r e  conducted with d i e n t - a i r  inlet conditio-; conse- 
quently, no control of the compressor-inlet  conditions could be employed. 
Since  instrumenting all blade rows simultaneously would have required a 
prohibitively Large number of actuators, three ser ies  of t es ts  were run 
during which several  blade rows w e r e  instrumented  successively. The 
first ser ies  provided data from the first and  second stages;  the second 
series, from the  th i rd  and four th  Steesj  and the t h i r d  series, from the  
fif'th stage. For  each ser ies  t he  compressor was operated at, constant 
equivalent  speeds of 70, 80, 90, and 100 percent  of  design. The range 

exhaust  nozzle such as was used f o r  the over-all performance t e s t s  de- 
scribed  in  reference 6. For these tests, however, only the  first-stage 
turbine  stators that gave maximum pressure r a t i o  at desi,- speed were 
used. 

- of air flow covered a t  each speed was achieved by means of an  adjustable 
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L 
Typical Test Run 

A typical  tes t  point was run i n   t h e  following manner: With alT in- (1 

strwnents  pulled  out t o  the  outer-wall  position (radial position 1, table 
I), the  compressor equivalent  speed w a s  s e t  and a stable  operating con- 
di t ion noted. While the  instruments  behind the  s t a to r  rows remained at 
the  outer w a l l ,  data were recorded fKrm all the  instruments  behind  the 
rotor  rows at U. radial positions (radial positions 2 to 12, table I). 
The rotor-exit survey  instruments w e r e  then  retracted  to  the  outer wall 
and remained there w h i l e  the  passage was surveyed w i t h  the  instruments 
behind the   s ta tor  rows. During the complete test run, a constant check 
on the  compressor-inlet  temperature and  compressor  speed w a s  maintained 
i n  order tha t  the equivalent compressor  speed could be held  essentially 
constant. A t  each radial posi t ion  total  and static  pressures were re- 
corded  once on film while each angle w&s recorded  three times and each 
temperature  twice on a digital potentiometer. This procedure yielded a 
t i m e  88 w e l l  as circumferential  variation of the data. The compressor- 
inlet temperature (an average of 10 thermocouples, s ta t ion 1) w a s  recorded 
at each radial survey  position. The running t i m e  necessary t o  complete 
a test run w a s  approximately 1; hours. 

CI 

Calculation - 
Data necessary t o  compute conditions at the inlet t o  the  f irst  rotor 

(series 1) w e r e  obtained by assuming a radially constant  value of t o t a l  
temperature and t o t a l  pressure equal t o   t h e  measured compressor-inlet 
t o t a l  temperature (station 1) and the barometer reading minus 0.10 inch 
of mercury, respectively. The drop.of 0.10 inch of mercury from the 
bmometer pressure was used t o  account fo r  the pressure drop  across  the 
four s t r u t s   i n  the inlet section and any other flaw losses in   t he   be l l -  
moubh. The radial distribution of stat ic   pressure was obtained fram a 
series of static-pressure  surveys at s ta t ion 2 covering the  compressor 
speed and weight” range. The results of these surveys are plotted 
as a function of corrected compressor w e i g h t  flow i n  figure 5. The In- 
l e t  surveys  served t o  validate the assumption that the air entering  the 
first rotor had no prewhirl. For series 2 and 3 the necessary data to 
compute the inlet conditions t o   t h e  third and f i f t h  stages, respectively, 
w e r e  obtained f’rm a survey wi th  a single conibination  probe.  These data 
were correlated with the stator-outlet  data of the preceding series and 
a static-pressure  distributfon  obtained by correcting the  s t a t i c  pres- 
sures m e a s u r e d  at a previous series run by the r a t i o  of the  averMe val -  
ues of the xall sta t ic   t aps .  

c 

Because of the  choke and surge l l m i t s  of the compressor, a complete 
flow  range of any given stage cannot be  realized f o r  a given  speed. How- 
ever, within  certain  limitations,  the stage performance my be presented I 
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? as average values of f l o w  coefficient CP, equivalent  pressure r a t i o  

Y ( P J P ~ , ~ )  e, equivalent  temperature-rise r a t i o  , and adiabatic 

efficiency q, which resu l t s   in  a single performance curve t ha t  is es- 
s e n t i d l y  independent of speed as long as compressibility  effects  are 
small. T h i s  curve represents  the approldmate curve that would be ob- 
tained i f  the complete flow range of the  given stage could  be  covered at 
design speed. 

A complete derivation of these  dfmensionless performance parameters 
i s  given in  reference 7, and the* use and l imitations when enployed in 
conjunction  with  transonic and high-performance stages are i l l u s t r a t ed  
in reference 8. In  the  investigation  reported  herein, blade t i p  speed 
and mass-averaged values of stage  pressure  ratio and temperature-rise 
r a t i o  were used i n  place of the  meen blade speed  and arithmetically 
averaged  values of stage pressure ratiio and temperature-rise ratio used 
in  reference 8. Compressor w e i g h t  flaws were computed from data obtained. 
at s ta t ion 1 (fig. 2) as e.qlained in  reference 6. 

PRES-ION OF SLlRVEY DATA 
4 

The data obtained from the survey t e s t s  are presented i n  table II. - Since all the   resu l t s  w e r e  not  gathered under the same compressor-inlet 
conditions,  pressures and temperatures are presented as a r a t i o  t o   t h e  
compressor-inlet  (station 2, f ig .  2 )  total   pressure and t o t a l  tempera- 
ture. Figure 6 presents  plots of t o t a l  pressure and t o t a l  temperature 
when the compressor is operating near peak efficiency f o r  speeds of 70, 
80, and 90 percent of design  speed and at  design  pressure  ratio f o r  de- 
sign speed. Additional  information listed f o r  convenience in t ab le  11 
includes the Mach  number associated with the   Us ted  values of s t a t i c  and 
t o t a l  pressure and the equivalent weight flow, by m e a m  of which each run 
may be associated with the values of figures 5 and 7. Blade geometry 
necessary t o  compute certain  streamline flow parameters may be obtained 
from reference 5. 

For ident i f icat ion purposes and 88 an aid i n  stacking the  stages 
for  a given  engine  operating  condition,  the series number and engine 
exhaust-nozzle and bleed settings are listed fo r  each test point i n  table 
11. As the  exhaust-nozzle  setting  increases,  the  nozzle  area  decreases. 
This inverse  relation between the exhaust-nozzle se t t ing  and the  area of 
the exhaust  nozzle i s  only relative,  and no absolute  values of  area were 
associatedwith  the  sett ings used. The bleeding of a i r  at the compressor 

ence 6. 
- discharge was required for acceleration purposes, as, described i n  refer- 
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A t  each rotor-exit  station,  the data presented  represent  the 
following: 

(1) Total pressure is an average- from two probes, each recorded 
once (two values). 

(2) Total  temperature i s  an average from four thermocouples,  each 
recorded  twice (eight values). 

(3) Angle is  an average from two probes,  each  recorded three times 
(six vdues) .  

(4) Static pressure is a value  obtained from a smooth curve faired 
through the d u e s  *om a single s t a t i c  probe and intersecting  the  outer 
w a l l  at  a value from one of four wall s t a t i c  taps. A t  s ta t ion 3, 
where a circumferential var ia t ion  of several inches of mercury among the 
w a l l  taps existed, the  ent i re   level  of s t a t i c  pressure was adjusted  unti l  
the  outer-wall value w a s  equal t o  the  average of the  four outer-wall 
taps. This adjustment was unnecessary at any of the other  rotor-exit 
stations.  

A t  each s ta tor  blade-raw exit the data presented  represent t h e  
following: 

(1) Total-pressure  values are obtained by using the wake rake and 
combination  probe total-pressure  values  according t o  the equation 

s tube 19 
pwR as - aPc 

tube 1 P =  
S 

where a is  the  difference between the  circumferential  distance covered 
by the w a k e  rake and 1 blade  spacing  (consequently, a varies with  the 
radial location); PC is the average total   pressure of the two or  three 
conibination probes used; and + represents t he  to t~ l -p res su re  values 
obtained from tubes on the wake rake. 

(2) Total temperature is an average of four  o r  s i x  thermocouples 
(depending on whether two or  three combination  probes were used), each 
recorded  twice  (either  eight o r  twelve values) 

(3) Static  pressure is a value obtained from a smooth curve faired 
through the  radial varlation of the  single probe readings and into  the 
average of four w a l l  static-pressure taps. 

(4) Angle is  an average from two or three probes (depending on 
whether two or  three combination  probes were used), .each recorded  three 
times  (either six or  nine  values). 

E 
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1 

In order  to  facilitate  the  use of the  recorded  data  in  computing 
blade element (or stredine) performance  parameters,  radial  survey 

streamlines  according  to  the  definition 
w positions 4 to 10 inclusive  at  each  station  were  located along the same 

rt - r 
rt - rh = constant 

where r is the  radius  at  which  the  streamline  intersects  the  measuring 
plane.  This is the  same  definftion of a streamline as was used in the 
design  procedure  (see  ref. 5). The  principal  discrepancies  between  the 
assumed  streamline  location and the  radial  probe  position  arise  from  the 
limitations of the  prepositioning  system used to  set  the  probe  radial 
locations (max. error of 0.025 in.) and at the  fourth-stator  discharge 
(station 10) where a compromise was necessary i n  order  that  the  preposi- 
tioning system could  be  used  for  the  fiFth-stage  surveys.  However,  at 
station 10 f o r  radial  positions 8 to 10, where  the  largest  lliscrepancy 
exists,  the  data  recorded  at all speeds are relatively  constant w l t h  
radius;  thus,  little  error  in  the  calculation of blade-element  performance 
parameters  would  be  anticipated  even  though  rad€al  probe  positions  rather 
than  assumed stredine locations  are  used.  The additional radial survey 
positions  were  used  for  integrating  purposes and to  gain  some  knowledge of 
boundary-layer  thicknesses. All radii  for  the radial survey  positions 

x 
0 

- as well as compressor hub values  are  presented  in  table I. 

The  criteria used as an estimate of the  accuracy and consistency of 
the  data  obtained  from  this  investigation  are  the  ones generally used in 
an  experimental  investigation of a compressor  stage,  namely 

(1) A comparison of the  integrated  weight flow at each survey  sta- 
tion  wikh  the  compressor-inlet we-t flow 

(2) A comparison of integrated mmentum and  temperature-rise 
efficiencies 

(3) A comparison of total  temperatures at the  rotor- and stator- 
exit s tat  ions 

Earever,  it  is  realized  that, as the  increased n-er of blade r o w s  pro- 
vide  additional  sources  for  accentuating  the  unsteadiness and circumfer- 
entia1  variation of the  airstream,  it  becomes  increasingly  more  difficult 
with  the  type and number of instruments  used  in  these  tests  to  obtain 
average  values of performance  data.  This was demonstrated  in  the  record- 
ing of temgeratures  and  angles,  where in many instances  the  time variation 
of data  from a single  probe was as large as or  larger  than  the  circumfer- 
ential  variation of the  two different probes. Consequently, the standards 
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of these comparisons of  weight f l a w  and efficiencies advanced i n   t h e  more 
closely  controlled  single-stage tests will not be applicable t o  the  re- 
sults presented  herein. I n  addition, t he  inherent  errors  in  probe  set- 
t ings and calibration,  recording of the data, and computational  procedure 
are a l w a y s  present, An attempt w a s  made to keep this l a t t e r  type of  
error  at a minimum by a careful  screening of the data and use of probee. 

The weight flows obtained in theee  series of t e s t s  axe courpared in 
figure 7. This figure also indicates at the maximum weight-flow points 
the variation of the  compressor-inlet  corrected  weight flows obtained 
with the  same engine geometry and equivalent  speed  for  the  three  series 
of tests. The integrated momentum and temperature-rise  efficiencies are 
compared i n  figure 8. The t o t a l  temperatures at the  rotor- and s ta tor-  
ex i t   s ta t ions  may be compared i n  figure 6 or  table 11. 

The  choke and surge limits imposed by the  compressor r e s t r i c t  t h e  
flow range of a pmticular  stage a t  any given speed. However, within 
certain  limitations  (see ref. 8) performance curves t h a t  are approximately 
those which  would be obtained i f  the  complete  flow range of the stage 
could be covered at design speed may be computed by employing ewivalent 
stage performance parameters. These equivalent  curves are  usef'ul i n  de- 
termining  stage matching and i n  indicating improperly  designed stages, and 
also assist   in  pointing out  regions of operation where the  data may be 
of questionable  accuracy. 

The flow  coefficient ( cp = Vf l/btA) I s  def b e d  as the   ra t io  of the 
volume flow divided by the blade t i p  speed and a flow area at the en- 
trance  to each stage. One approach in  selecting a flow  area is by  use 
of the concept of dividing  the  flow  into a main o r  "free-stream" portion 
where the viscosity  effects of the f lu id  on the flow are  negligible and 
a small or boundary-layer portion  near  the  casing walls where the v ia -  
cosi ty   effects  on the flow are appreciable. The flow  coefficient is more 
representative of the average  angle of incidence on each stage if 811 ef- 
fective  or  free-stream  flow are& is used. However, for  simplicity, and 
because of the  diff icul ty  i n  computing accurate  values of effective flow 
areas from the measured data, the   to ta l  annulus area was employed in  the 
computations of measured flow  coefficients  reported  herein. The original 
design  values of flow  coefficient were obtained from free-stream values 
of axial  velocity. For comparatfve  purposes, therefore, it was- neces- 
sary t o  adjust  the  design  values of flow coefficient by means of the as- 
sumed design  weight-flow  blockage factors.  Thus, observed differences 
between design and measured flow  coefficients may be due t o  some extent 
t o  differences  in the  design and measured blockage factors.  

E 
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’ No attempt was made t o  adjust  the  ori&inai  design  (free-stream) 
values of total   pressure and efficiency  for w a l l  boundmy-layer effects.  

* It is possible that a more r e d i s t i c  average  design  value  based on the  
distribution from hub t o  t i p  of t o t a l  annulus area might be somewhat l e s s  
than  the  original  design (f’ree-stream) values,  but it i s  believed that 
such differences are insignificant f o r  both t o t a l  pressure and efficiency. 

Ffrst  Stage 

The performance characterist ics of t he  first stage are presented in 
figure 9 ( a ) .  Although this  stage  operates over a narrow range of flow 
coefficient at each  equivalent speed, it operates over a wide range of 
flow coefficient (or  incidence  angle) fo r   t he  range of  speeds investigated. 

Design flow coefficfent w a s  obtained at 90 percent of equivalent de- 
sign speed, where t h e   p e r f o w c e  curves indicate that a higher  than de- 
sign  value of energy addition and pressure r a t i o  I s  attafned.  Since  the 

M 
d 
0 design and m e a s u r e d  values of efficiency at t h i s  flow coefficients  -are ap- 
P proximately the same, the  increased work input could result from a higher 
cu than  design turning of the air (overcedering of the ro to r  blades) or   the 

& effect  of  an  excessive  annulus area at the  stage  discharge  station on the  
axial velocity  ratio  across  the rotor row. The design d u e s  of boundary- 
layer blockage  allowance for   the  first stage were obtained from the  per- 

then, the ro to r  blade overcmibering is apparently  the  cause of the  higher 
than  design performance at design flow coefficient  (incidence  angle). 
More recent  considerations of  blade-element data (ref. 9 )  also indicate 
tha t  the blade cauiber, especial ly   in   the  t ip  region, was too high. This 
same resu l t  w a s  speculated on i n  reference 6 on the  basis of w a l l  s t a t i c -  
pressure measurements. 

- formance results of a single-stage  transonic compressor. By elimination, 

The higher  than  design werght flow obtained at design speed forced 
the  f irst  stage t o  operate at a higher than design flow coefficient 
(lower than  design  incidence angle). Consequently, although the  design 
enerQy addition was attained (overcambering of rotor  blades),   the poor 
efficiency  resulted i n  a lower than  design  pressure  ratio. 

The location of the 70-percent-speed points on t h e  stall portion of 
the stage performance curve suggests  the use of caution when employing 
the data obtained at t h i s  speed. A hot w i r e  ins ta l led  behind the first 
ro tor  indicated  that  while a well-defined rotating-stdl region  could not 
be observed, the  flow at these speed6 w a s  of a highly unsteady  nature. 
Thia region begin8 a t  a flow coefficient of 0.47 and extends over the  

L complete flow range ( to  cp = 0.42) at 70 percent of design speed. 
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Second Stage 
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The second-stage per fomnce   charac te r i s t ics   a re   p resented   in   f lg -  
ure   9(b) .  The range  of flow coefficient over which the second stage 
operates i s  slightly smaller than that  of  the first stage, w i t h  all points 
apparently  outside a stage stall region. However, the  small margin be- 
tween the  peak and design  values of  equivalent  pressure  ratio and 
temperature-rise  ratio is not  typical of a stage whose blade sections  are 
designed to  operate at their  minirmun-loss incidence angles. 

A t  design  speed a slightly  higher  than  design  energy  addition was 
obtained,  but  the low stage efficiency  (indicating high losses at the 
lower than  design  incidence  angles due to   the  high flow and low first- 
stage  pressure  ratio)  resulted i n  a lower than  design  pressure  ratio. 
As before, more recent  examination of blade-element  data  Indicates  an' 
o v e r c d e r i n g  of the  second-rotor  blade row also. No evaluation of t he  
possible  effects of any discrepancies between the design and actual  ef- 
fect ive flow areas on the  axial veloci ty   ra t io  can be made for  this   s tage.  

Third Stage 

The third-stage performance parameters are  presented  in  f igure  9fc).  
The third  s tage is  typical  of an intermediate stage of a multistage com- 
pressor that  operates  over a s m a l l  range of flw. c.oefficient  (incidence.. 
angle) with considerable  overlapping of the  individual  speed  curves. 

The t h i r d  stage did not produce design energy  addition at any of 
t h e  speeds  investigated. One. reason  for the  difference between t h e  m e a s -  
ured and design  energy  addition may be tha t  the  design camber of the   ro tor  
w a s  too low, thus   res t r ic t ing  the ro tor  blades from turning the sir 
through the  desired  angle. A second poss ib i l i ty  is that the design  devia- 
tion  angle of the second-stage stator  blades was too l o w .  Insuff ic ient  
turning  in the  second-stage s t a to r  row would adversely affect both the 
incidence  angle  and the i n l e t  Mach number entering the  third-stage rotor, 
thus  displacing the third-stage performance  curves  toward  lower  values 
of flow coefficient and energy  addition. However,  no evaluation of  the 
various  possibil i t ies i s  made at t h i s  time. 

Fourth  Stage 

The fourth-stage performance characterist ics are presented i n   f i g -  
ure 9(d). The range of flow coefficient covered is small and shows an 
overlapping of the individual  speed curves, with d l  operation on the 
negative-slope  side of the curve of equivalent totaJ"press.y-re r a t io .  

The higher  than design values of pressure  ra t io  and temperature-rise 
r a t i o  measured across t h i s  stage at design  speed combine to   give an actual  
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value of adiabatic  efficiency higher than $hat assumed i n  the design of 
t h i s  stage. Although the data in   t ab l e  I I  (or  f ig.  6)  inaicate  a d i f fe r -  

measured behind the s t a to r  row, either value shms that thb stage pro- 
duced a higher  than  design  energy  addition, though reservations on the  
quantitative  values of the  temperature-rise r a t i o  and efficiency aze 
necessaxy. 

- ence between the total temperature measured behind the r o t o r  row and that 

Fifth  Stage 

The performance characterist ics of the f i f t h  stage are presented i n  
figure 9(e).  Typically, the required range of f l o w  coefficient  covered 
by this  exit   stage is  larger than that covered by the  intermediate stages. 
Also, this stage operates  exclusively on t he  negative slope of the  curve 
of equivalent  total-pressure r a t l o .  

A t  design  speed the  f if ' th stage produced a higher than  design  energy 
addition and pressure ratio at  approximately the assumed design  value of 
adiakatic  efficiency. However, because of  the  multiple  factors  affecting 
stage performance, including blade m e r ,  area r a t i o  (or boundary-layer 

performance is made at this time. 
. blockage),  efficiency, and so f o r t h ,  no evaluation of the reason for t h i s  

Stage Matching 

The attainment of  the compressor design-polnt performance requires 
not only that each  individual  stage  reach its design  performance but 
tha t  all stages reach t h  ir design points at a specif ic  compressor  weight flow. The proper matchi L of the stwes i s  determined  by the flow coef- 
f ic ient ,  which is a measure of the  average, or  mean, axial velocity 
entering each stage. FlOw coefficient is affected by the design varia- 
t ion  of effective f low area and density  ratio,  xhich in  turn depends 
upon the  production by  each stage of I t s  design pressure r a t i o  of the  
assumed s t a g e  efficiency and the proper  boundary-layer blockage. 

The point  selected f o r  a stage-matching evaluation was the  design- 
speed p i n t  a t  which the compressor  produced the des- .total-pressure 
ra t io .  A t  this operating  point  the  higher  than  design w e i g h t  flow forces 
the first stage  to  operate at a higher than  design flow coefficient on 
the  choked portion of the curves of equivalent  tot&-pressure  ratio. A t  
thig mode of operation  the first stage produced a lower  than design  total-  

below design performance of the first stage  should  force an increasing 
difference between the design and the meaeured flow coefficient  entering 

shows that this did occur. This is an  additional  indication  that the de- 
sign boundary-layer  blockage  allowance  across the first stage w a s  correct. 

- pressure ratio and work input. The combination of increased flaw and 

- the second stage i f  the  effective flow area is correct.  Figure  9(b) 
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The second stage is now also forced t o  operate on the  negative por- e 

t ion  of the curve of equivalent  total-pressure  ratio, w i t h  the consequent 
below design performance, although t h e  energy addi t ion  was alightly  higher 
than the design  value.  Continuing t h i s  type of reasoning  across the third 
stage, where both the stage temperature r ise and pressure  ratio are below 
t h e  design values, it appears that, if the  design  variation of effective 
flow area is correct, a large  difference should exist between the design 
and measured values of flow coefficient  entering the t h i r d  and especially 
the fourth stages. 8 

Actually, figures 9(c), (a), and. (e) show tha t   the  flow  coefficients ri 

entering the third,  fourth,  and f i f t h  stages continuously approach the 
design  values, although the fifth stage had the assistance of the fourth 
stage, which produced a higher  than  design  density  ratio.  This  could 
only  occur i f  ~ a z l  excessive  annulus area existed from the  exit of t he  
first stage t o   t h e  f i f t h  stage. A further indication of an excessive 
annulus area extending t o   t h e  compressor discharge is presented i n  ref- 
erence 6. Design-speed values i n  figure 8 of reference 6 show tha t  at 
approximately the  design pressure ra t io  and sl ight ly  lower than  design 
efficiency, the  compressor discharge  velocity  (axial  in  direction) w a s  
lower than  the  design  value even though a higher than design  e-ivdent 
weight flow flowed past t h i s  area. - 

Sources f o r  this excessive an~ulus mea include r o t o r  blade over- 
cambering, excesBive  design  boundary-layer blockage allowance, and as- - 
sumed design  rotor  efficiencies that were too low. Indications of over- 
cambering of some blade rows have already been noted. From reference 5 
the  design  values of weight-flow blockage factor were assumed fo r  all 
stages except the first one, . a n d  the  assumed blade-element efficiencies 
were believed t o  be low. From the first-stage exit t o  the fourth-stage 
entrance where the measured efficiencies are below or approximately equal 
t o  the  design values and the stage performances are l o w e r  than design, the 
area allowances for  boundary layer are apparently  too large and are the.  
main cause for the excessive annulus area. Acrose the remaining portion 
of the compressor the  relat ive effects of eaeh of these  sources on the  
axial  velocity,  or annulus area, could  not be separated at this time, 
although it is believed that the blockage  allowance i s  responsible f o r  
the major share of the excess annulus mea. 

This evidence of  overcsnibering i n   t h e  inlet stages plus a higher 
than design axial velocity  diffusion throughout the compressor gives 
-her ver i f fcat ion  to  the  speculation of reference 6 that t h i s  compres- 
sor could not have operated at its design  weight flow. Operation of these 
inlet stages closer t o  their design flow coefficients  with t h e  accompany- 
ing  increase  in performance would have forced t h e  latter stages over m 
the stalled portion of t h e i r  equivalent  performance cgr-ves. The best 
match point of  the compressor appears t o  be attained  in the speed range 
between 80 and 90 percent of design speed, since  in this region all the 

- 

- 
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stages axe operating on the  negative-slope  portion6 of their stage 
pressure-ratio curves at more favorable angles of attack  than  those at 

first two stages as w e l l  as i n  the location of the peak over-all compres- 
sor efficiency in  t h i s  speed  range  (see ref. 6). 

., design speed. This fact  is reflected  in  the  increased  efficiency of the 

SUMMARY OF RESULTS 

The radial distributions of performmce data at speeds f r o m  70 t o  
100 percent of equivalent  design  speed  for a flow range f r o m  compressor 
choke to approximate  compressor surge have been tabulated  for all stages 
of a five-stage  transonic compressor. From t h i s  data plus the  blade 
geometric properties, any desired  streamline  parameters may be computed. 

From an analysis of the individual stage performance, the f o l l d n g  
conclusions w e r e  obtained: 

1. The f i rs t  and second stages showed definite  indications of over- 
cambering. However, at design speed the  high losses  associated w i t h  in- 
let  relative Mach numbers in the  transonic  range and low incidence angles 
(higher thau design flow coefficient)  caused both stages t o  produce a 

energy addition at any point over its ent i re  flow range. The fourth and 
f i f t h  stages operated closer t o  $he peaks of their pressure-ratio  curves, 
and both produced a higher than  design energy addition at deelgn speed. 
The effects  of blade camber, area ra t io   (or  boundary-layer  blockage),  and 
efficiency on the  stage performance could  not be separated and evaluated. 
For the fourth stage some reservations on the  quantitative  values of 
energy addition and efficiency computed at design  speed are indicated 
because of a difference in the temperature recorded behind the fourth 
rotor and s t a t o r  rows .  

L l m e r  than  design  pressure r a t io .  The th i rd  stage did  not produce  design 

- 

2. A t  the design-speed and design-pressure-ratio point  the conibfna- 
t i on  of overcambering of some blade rows and an  excessive  annulus area 
from the  f i rs t -s tage exit t o  the colqpressor discharge  caused this c m -  
pressor  to  seek  an  equilibrium  operating  condition at a higher than de- 
sign w e i g h t  flow. Under these  conditions  the inlet stages w e r e  forced 
t o  operate on the choked portion of their   respective stage curves, with 
an accompanying depreciation of stage performance. However, t he  latter 
stages  operated  closer t o  t h e i r  peak stage pressure  ratios,  thus produc- 
ing  the compressor over-all  design total-pressure ra t io  although at a 
cost o f  several  points  in  the assumed over-all  efficiency. 

3. The overcanibering and t h e  excessive values of annulus area, which 
- caused the  stages t o  be mismatched at design speed, probably  helped the 

low-speed performance, the  best match point  for all stages  occurring in 
the  range between 80 and 90 percent of design speed. 

Lewis Flight Propulsion  Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, July 26, 1956 - 
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TABLF, I. - m r r  FOR RADIAL-SURVEY POSITIONS 
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Figure 3. - Instrumentation used for radial surveys. 
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Flgure 4. - Approximate  circumferential  location of yrobes vlewed f r o m  upstream. 
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v a r i m o  radial ~ l t l m e  a t  r i r e t - r o t o r   I n l e t  or five-stage tran8onie 
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Radius, r, in. 

(b) Corrected  speed,  80-percent  dealgn.  Operation  near peak ef f lo lency .  

Figure 6 .  - Continued. Radial variation of r a t i o s  of total  pressure and 
t o t a l  temperature a t  exlt of each blade ron of five-etage  transonlc 
compressor. 
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Figure 6 .  - Concluded. Radial variation ot ratios of total pres- and 
total temperature at  e x i t  of each  blade ro* of rive-stwe transonic 
compressor. 
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Figure 9. - Individual s tage  performance of five-stage tJ2aWaIiC 
compressor. 
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